Abstract The tongue-hold maneuver is a widely used clinical technique designed to increase posterior pharyngeal wall movement in individuals with dysphagia. It is hypothesized that the tongue-hold maneuver results in increased contraction of the superior pharyngeal constrictor. However, an electromyographic study of the pharynx and tongue during the tongue-hold is still needed to understand whether and how swallow muscle activity and pressure may change with this maneuver. We tested eight healthy young participants using simultaneous intramuscular electromyography with high-resolution manometry during three task conditions including (a) saliva swallow without maneuver, (b) saliva swallow with the tongue tip at the lip, and (c) saliva swallow during the tongue-hold maneuver. We tested the hypothesis that tongue and pharyngeal muscle activity would increase during the experimental tasks, but that pharyngeal pressure would remain relatively unchanged. We found that the pre-swallow magnitude of tongue, pharyngeal constrictor, and cricopharyngeus muscle activity increased. During the swallow, the magnitude and duration of tongue and pharyngeal constrictor muscle activity each increased. However, manometric pressures and durations remained unchanged. These results suggest that increased superior pharyngeal constrictor activity may serve to maintain relatively stable pharyngeal pressures in the absence of posterior tongue movement. Thus, the tongue-hold maneuver may be a relatively simple but robust example of how the medullary swallow center is equipped to dynamically coordinate actions between tongue and pharynx. Our findings emphasize the need for combined modality swallow assessment to include high-resolution manometry and intramuscular electromyography to evaluate the potential benefit of the tongue-hold maneuver for clinical populations.
Background
The tongue-hold maneuver was developed as a therapeutic swallow maneuver to restrain retraction of the tongue and to isolate movement of the posterior pharyngeal wall. To perform the tongue-hold maneuver, instructions are to ''protrude the tongue maximally but comfortably, holding it between the central incisors'' and to maintain this position during a saliva swallow [1] . Given the anatomical interconnection between the muscles of the tongue and the upper posterior pharyngeal wall [2] [3] [4] [5] , the ''anterior bulge'' observed during the tongue-hold maneuver may result from increased contraction of the superior pharyngeal constrictor and anterior tongue movement may also pull the pharyngeal wall forward. However, whether there is increased contraction of the superior pharyngeal constrictor during the tongue-hold maneuver remains unknown.
Although the muscles of the superior pharyngeal constrictor and the muscles of the tongue each receive a relatively distinct pattern of motor innervation [4] , each set of muscles may work in a coordinated fashion to regulate pressure within the pharynx. For example, the muscles of the tongue are innervated by the hypoglossal nerve, and the superior pharyngeal constrictor is innervated by the pharyngeal plexus of the vagus nerve [4] . However, shared interneurons within the medullary swallow area may serve to coordinate the motor neuron pools that innervate the tongue and pharyngeal wall [6, 7] . In addition, the superior pharyngeal constrictor interdigitates with fibers from the glossopharyngeus muscle [5] and may be important to coordinate the interplay between the superior pharyngeal constrictor and tongue movements. It is important to note that sensory feedback from oropharyngeal receptors to the medullary swallow center may be important to regulate intrapharyngeal swallow pressure in response to the altered tongue position [8, 9] . Therefore, the medullary swallow center is equipped to dynamically coordinate actions between muscle groups. These neuromuscular mechanisms may account for the hypothesized increase in superior pharyngeal constrictor muscle activity in the presence of the tongue-hold maneuver. This view is reasonable based on the principle of motor equivalence [10, 11] , such that pharyngeal aperture and pharyngeal pressure for swallow may be maintained in the presence of different but complimentary movement patterns. The tongue-hold maneuver provides an interesting paradigm to examine these principles during the swallow.
In clinical studies, reduced or absent ability to retract the tongue due to surgical resection of the oral tongue was associated with compensatory increases in pharyngeal wall movement during the swallow [12] . In addition, increased pharyngeal pressure during the tongue-hold maneuver was observed with 3 ml liquid swallows by participants following surgical and radiotherapy treatment for laryngeal cancer, each of whom had mild dysphagia [13] . As a potential rehabilitation technique, recent evidence in healthy control participants demonstrates that the tonguehold maneuver is associated with increased submental muscle activity and may serve as a resistance exercise to muscles of the tongue including the genioglossus [14] . However, whether the tongue-hold maneuver yields a potential exercise benefit for the genioglossus muscle and/ or the superior pharyngeal constrictor is unknown. Therefore, it would be of benefit to examine these specific muscles and the associated manometric pressures during the maneuver.
Given the role of the tongue and posterior pharynx to generate swallow related pressure, and the potential for the tongue-hold maneuver in swallow rehabilitation, it is of interest to examine how muscle contraction and manometric pressure may change during the tongue-hold maneuver. Although recent evidence suggests reduced pharyngeal swallow pressure during the tongue-hold maneuver [15, 16] , the relative contribution of the superior pharyngeal constrictor and genioglossus to pharyngeal pressure remain unknown. The tongue-hold maneuver provides an interesting paradigm to examine whether the pharynx can maintain pressure production when the contribution of the tongue is reduced and the contribution of the superior pharyngeal constrictor is increased. The ability of the pharynx to maintain pressure under different patterns of movement would be an interesting example of motor equivalence for human swallow function [10, 11] . Therefore, we employed intramuscular electromyography with high-resolution manometry to test whether and how muscle activity and pressure may change with the tongue-hold maneuver. We hypothesized that tongue and pharyngeal muscle activity would increase, and that pharyngeal pressure would remain relatively unchanged.
Methods

Participant
Eight participants (6 male), between 20-27 years old, without history of swallowing, respiratory, or neurological deficits participated in the study. Each participant provided informed consent, and the protocol was approved by the local Institutional Review Board. Participants were instructed to refrain from eating for 4 hours and from drinking for 2 hours before testing to avoid potential effect of satiety.
High-Resolution Manometry and Electromyography
We previously described the instrumentation and procedures [17] [18] [19] , and will briefly review the methodology below. Pressure was recorded using a solid-state high-resolution manometer (ManoScan 360 High-Resolution Manometry System, Sierra Scientific Instruments, Los Angeles, CA). The manometric catheter has an outer diameter of 2.75 mm with 36 circumferential pressure sensors, each spanning 2.5 mm, spaced 1 cm apart. Each sensor receives input from 12 circumferential sectors that are averaged to yield the mean pressure detected by that sensor. The system is calibrated to record pressure between -20 and 600 mmHg, with fidelity of 2 mmHg. The pressure from each sensor was recorded at a sampling rate of 50 Hz (ManoScan Data Acquisition, Sierra Scientific Instruments). The catheter was calibrated before use with each participant according to manufacturer specifications. Topical 2 % viscous lidocaine hydrochloride was applied to the nasal passages and to the manometric catheter as a topical anesthetic and lubricant to ease passage of the catheter through the nasal cavity and pharynx. Based on our previous experiments and the small quantity of viscous lidocaine used (less than 1 cc), the effects on the swallow were negligible [17] [18] [19] .
Bipolar hook-wire intramuscular electrodes (50-micron diameter, MicroProbes, Gaithersburg, MD) were inserted into the genioglossus, cricopharyngeus, and superior pharyngeal constrictor muscles using a 27-gauge needle. Side of electrode insertion was counterbalanced across participants. Prior to cricopharyngeus (CP) electrode insertion, 1 cc of 1 % lidocaine hydrochloride with epinephrine (1:100,000) was subcutaneously injected into the neck through a 30-gauge needle. The characteristic CP pattern of quiescence during a swallow followed by post-swallow burst of activity was consistent with accurate placement [19, 20] . Bilateral surface electromyography electrodes were placed in the submental region between the mandible and the hyoid bone, each at 1 cm from midline, and a surface ground electrode (A10058-SRT, Vermed, Bellows Falls, VT) was placed on the forehead. Electromyographic signals were amplified, band-pass filtered from 100 Hz to 6KHz (Model 15LT, Grass Technologies, Warwick, RI) and digitized at 20 kHz (LabChart version 6.1.3, ADInstruments, Colorado Springs, CO) [21, 22] .
Tasks
Once the catheter and electrodes were inserted, participants rested for approximately 5 minutes to adjust to the catheter and electrodes prior to performing the experimental tasks. During the experiment, each participant sat comfortably in an exam chair and looked straight ahead with the chin in a neutral position. The tasks included: a) Saliva swallow without maneuver (Fig. 1a) ; b) Saliva swallow with tongue tip at the lip (Fig. 1b) ; and c) Saliva swallow with tonguehold maneuver (Fig. 1c) . A transparent plastic ruler was used to measure the distance (cm) between the tongue tip and lower lip for the tongue tip at lip task (distance was zero) and for the tongue-hold maneuver task (distance was 1 cm or greater). Figure 2 displays the distance between the tongue tip and lower lip for each of these two experimental tasks. Figure 3 displays submental electromyography for each task. Fifteen trials (five for each of three tasks) were collected and analyzed for each participant. Task order was randomized across participants.
Data Analysis
Pressure and electromyography data were analyzed using a customized MATLAB program (MathWorks, Inc., Natick, MA) [17] [18] [19] . Electromyography signals were rectified and normalized so that data could be pooled across participants. The highest peak from the rectified signal for a given muscle and participant was set to equal 1 (see Fig. 3 ). Therefore, all other data points were computed to be No maneuver (gray), tongue tip at lip (white), and tongue-hold maneuver (black). Note the task-related increase in EMG amplitude at baseline (before solid line), during the swallow (starting at solid line), and after the return to baseline (starting at first dashed line for gray, and at second dashed line for white and black) between 0 and 1. Task differences were analyzed using repeated measures analysis of variance (ANOVA) using a criterion significance level of a = 0.05 and the Tukey-Test for pair-wise comparisons. We hypothesized that the amplitude and duration of submental, genioglossus, superior pharyngeal constrictor, and cricopharyngeal muscle activity would increase during the experimental tasks, but that the amplitude and duration of pharyngeal pressure would remain relatively unchanged. 
Discussion
The tongue-hold maneuver has been recommended as a clinical technique to increase posterior pharyngeal wall movement in individuals with dysphagia [1, 12, 13] . However, an electromyographic study of the pharynx and tongue during the tongue-hold was still needed to understand whether and how swallow muscle activity and pressure may change with this maneuver. Therefore, we employed simultaneous intramuscular electromyography with high-resolution manometry during three task conditions including (a) saliva swallow without maneuver, (b) saliva swallow with the tongue tip at the lip, and (c) saliva swallow during the tongue-hold maneuver. We tested the hypothesis that tongue and pharyngeal muscle activity would increase during the experimental tasks, but that pharyngeal pressure would remain relatively unchanged. Our findings generally supported our hypotheses. For muscle activity, we found that the pre-swallow magnitude of submental, genioglossus, superior pharyngeal constrictor, and cricopharyngeus electromyography signals increased. During the swallow, the magnitude and duration of submental, genioglossus, and superior pharyngeal constrictor muscle activity each increased. However, the magnitude and duration of cricopharyngeus muscle activity were unchanged during the swallow. As hypothesized, the pre-swallow pressures and the swallow pressures and durations remained unchanged. Our results suggest that the tongue-hold maneuver may result in increased tongue and pharyngeal muscle activity, with relatively stable pharyngeal pressures.
We would suggest that the relatively stable pressures across tasks in these healthy participants may result from increased activity of the superior pharyngeal constrictor to maintain similar pharyngeal pressures in the absence of posterior tongue movement. Our data and this view are consistent with previous studies of swallow neurophysiology and clinical studies of the tongue-hold maneuver [1, 12, 13] . It is likely that oropharyngeal sensory receptors respond to the altered tongue position to provide medullary swallow interneurons with feedback needed to coordinate the movement and position of the superior pharyngeal constrictor and tongue [8, 9, [23] [24] [25] [26] . These neuromuscular mechanisms may account for the observed increase in superior pharyngeal constrictor muscle activity in the presence of the tongue-hold maneuver. The finding that pharyngeal pressure remained constant during the tongue-hold maneuver is consistent with the principle of motor equivalence. Specific to the tonguehold maneuver, pharyngeal swallow pressure was maintained in the presence of different movement patterns. Therefore, the tongue-hold maneuver may be a relatively simple but robust example of how the medullary swallow center is equipped to dynamically coordinate actions between muscle groups. Although our study excluded direct visualization of pharyngeal wall movement or pharyngeal aperture, our manometric and electromyographic data confirm that the tongue-hold maneuver provides an interesting paradigm to examine these principles during the swallow.
Although our findings are of interest from clinical and physiologic perspectives, important limitations remain that will be important to address in future work. We acknowledge that this study was limited to a relatively modest sample of healthy young adults. Therefore, the next steps will be to examine the tongue-hold maneuver in larger cohorts of older healthy adults, and in participants with clinical dysphagia. The combined manometric-electromyographic approach will be particularly valuable when integrated with imaging modalities including videofluoroscopy or endoscopy. We also acknowledge that our findings may differ to some degree from earlier manometric studies. However, it is important to note that we employed high-resolution manometry using 36 circumferential sensors, with 12 sensing sectors at each sensory location. Earlier studies utilized fewer manometric sensors with only a single sector at each sensory location [13, 16] . The advent of 3-dimensional high resolution manometry may provide additional information to advance our understanding of the posterior and lateral pharyngeal movements during the tongue-hold maneuver [27] . Previous studies employed hands-on cursor measurements or studied participants who were reclined in a supine position [28] . We utilized validated computerized analysis routines and each study participant was in an upright seated position [17] [18] [19] . Given such methodological differences, it is critical for the clinical and scientific community to carefully observe these details when reading the literature and when planning future studies. Finally, we acknowledge that at this time we are unable to determine whether the tonguehold maneuver would serve well as a resistance exercise for tongue or pharyngeal muscles as we simply examined each participant during a single test session. Our findings suggest that there is a reasonable physiological rationale on which to base future clinical studies. However, such a study must carefully examine what exercise schedule may be of clinical benefit to specific individuals with dysphagia and should include manometric, electromyographic, and imaging modalities. Such a study is needed, but has yet to be reported in the literature.
In conclusion, this study was the first to evaluate the tongue-hold maneuver using simultaneous high-resolution manometry and intramuscular electromyography. We found that tongue and pharyngeal muscle activity increased during with the tongue-hold maneuver, but that pharyngeal pressure remained relatively unchanged. Our findings are generally consistent with previous studies, and suggest that the tongue-hold maneuver may be an example of the medullary swallow center's ability to dynamically coordinate actions between muscle groups. Our findings emphasize the need for combined modality assessment of swallow physiology to include high-resolution manometry, intramuscular electromyography, and videofluoroscopic or endoscopic imaging, with important implications for future study of the tongue-hold maneuver in clinical populations.
